Tetraphenyl-butadiene is a useful alternative to sodium salicylate as a fluorescent wavelength converter for detectors in the vacuum uv. Measurements of the fluorescence efficiency of TPB relative to sodium salicylate over the wavelength range 735-3160 A are presented, and the application of TPB coatings to image tube detectors is discussed. Over the entire wavelength range studied TPB had a higher fluorescent efficiency than sodium salicylate.
I. Introduction
The use of sodium salicylate as a fluorescent wavelength converter for the detection of vacuum uv radiation is now a well established technique, but alternative fluorescent coatings appear to be less frequently used. For applications requiring a constant spectral response sodium salicylate is the most suitable fluorescent converter, but in some cases there may be significant advantages in the use of other substances. Tetraphenyl-butadiene (TPB) is a convenient alternative material that is especially suitable for applications requiring high sensitivity in the wavelength region 900-3000 A. The measurements of Brunet et al.1 show that the fluorescence efficiency of TPB between 900 A and 2500 A is almost double that of sodium salicylate, while more recent measurements 2 in the wavelength region 1800-3800 A suggest that the response of TPB is more than three times that of sodium salicylate.
These published measurements suggested that TPB might be a suitable material to be used as a fluorescent wavelength converter for an echelle spectrograph image intensifier detector designed for rocket uv astronomy. 3 This application required a high conversion efficiency in the wavelength region 1200-3000 A combined with an additional requirement that the fluorescent coating should be strongly adherent to the fiber optic faceplate of the image intensifier tube and able to withstand the rocket flight environment. Since coatings of TPB can be prepared by vacuum evaporation, whereas sodium sali-cylate coatings are normally produced by a solventspray technique, the TPB coatings were expected to be more adherent and durable. Although TPB is reported to be subject to slow sublimation in vacuum, the relatively short duration of the rocket flight made it unlikely that this effect would be serious.
The present paper describes the preparation and evaluation of evaporated TPB coatings for a rocketborne image intensifier detector and includes measurements of the fluorescence efficiency relative to sodium salicylate, the TPB fluorescence emission spectrum, and also spatial resolution measurements on typical coatings.
I . Preparation of TPB Coatings
The coatings were prepared by evaporation of crystalline 1,1,4,4-tetraphenyl-1,3-butadiene from a molybdenum boat in a specially designed vacuum evaporator. Substrates of glass or fused silica were located about 8 cm above the boat, and the coating thickness was controlled by total evaporation of a weighed quantity of TPB from the boat. A calibrated thermistor was used to monitor the boat temperature, and the heating current (75 A) could be adjusted to raise the temperature to a level adequate for rapid evaporation but low enough to prevent decomposition or sputtering of TPB onto the substrate.
A typical coating thickness of 1.0 mg cm-2 was obtained by evaporating 0.1 g of TPB from the boat at about 220'C for 12 min at a pressure of 10-5 Torr.
The relationship between coating thickness and the quantity of TPB in the boat was studied by evaporating coatings on thin aluminium foils and estimating the coating thickness by measurement of the increase in weight. The coating thickness was shown to be a linear function of the total evaporated weight so providing a convenient method for the preparation of coatings having any required thickness.
The TPB coatings were found to be hard and durable with good adherence to the substrate and high resistance to mechanical abrasion. They have better uniformity and smaller grain size than similar coatings of sodium salicylate. The coatings are not soluble in water but can be removed when necessary by using benzene or other organic solvents.
Fluorescence Measurements
Measurements of the fluorescence conversion efficiency of TPB relative to that of sodium salicylate were made at selected spectral line wavelengths between 735 A and 3160 A. Emission line spectra were produced by electrodeless microwave excitation of mixtures of air and inert gases at approximately 200-mTorr pressure. Various intense spectral lines were isolated by a normal-incidence concave grating monochromator and used to illuminate fluorescent coatings on transparent substrates mounted in a specially designed sample comparator.
The comparator accommodated two sample fluorescent coatings and an actuator that allowed either sample to be moved into the illuminating uv radiation. A photomultiplier with S-11 response was located close behind the illuminated sample to measure the intensity of the blue fluorescence emission. Alternate measurements of the fluorescence from the two samples, with identical geometry, enabled the relative fluorescence conversion efficiencies to be estimated. The TPB coatings were each compared with a reference sample of freshly coated sodium salicylate (1.6 mg cm -2 ) which remained permanently in one of the sample positions to provide a comparison standard. Relative efficiency measurements obtained in this way can be converted into absolute values by reference to the well-known fluorescence properties of sodium salicylate. Figure 1 shows the observed relative fluorescence efficiency of TPB normalized with respect to sodium salicylate in the wavelength range 735-3100 A. Measurements were made using various coating thickness values, and the optimum thickness is estimated to be approximately 1 mg cm-2 . Previously published measurement", 2 suggest optimum coating thickness values of 0.13 mg cm-2 and 0.47 mg cm-2 , respectively. The measured relative fluorescence efficiency in the wavelength range 1500-3000 A agrees well with the observations of Brunet et al.,' but the new measurements show more wavelength dependence.
The fluorescence efficiency of one coating (-1 mg cm-2) was remeasured several times during a 3-month period, and no significant change was detected. To estimate the stability over a longer time interval, TPB coatings have been used to sensitize the photomultiplier detectors of two vacuum uv monochromators used for routine monitoring of mirror reflectance. These TPB coatings have now been in use for more than 1 year and during most of this time have been exposed to high vacuum conditions. During this period there has been no evidence of significant change in the detector sensitivities, and the coatings appear to be very stable. In another test a glass substrate coated with samples of TPB and sodium salicylate was flown in a Skylark rocket with no adverse effect on either coating. These experiments appear to confirm that the stability of TPB coatings is quite adequate for long-term laboratory applications and for use on rocket-borne instruments. The reported vacuum sublimation of TPB 4 suggested that unprotected coatings might not be suitable for extended duration satellite experiments. For this type of application it may be possible to obtain increased stability by protecting the TPB with a thin overcoating of magnesium fluoride. Long-term tests on coatings of this type have not yet been completed, but fluorescence efficiency measurements on samples of TPB overcoated with a layer of magnesium fluoride of about 300-A thickness indicate that the efficiency is significantly reduced at wavelengths shorter than 1500 A but is not seriously affected at longer wavelengths (see Fig. 1 ).
The fluorescence emission spectrum of TPB was measured by recording a spectrogram of the fluorescence produced when a sample coating was illuminated by monochromatic 2537-A radiation. Figure 2 shows the normalized spectrum of TPB fluorescence that extends from 3900 A to 5300 A with peak emission at about 4280 A. The wavelength of peak fluorescence emission is almost coincident with that from sodium salicylate, 4 but the TPB fluorescence has a narrower spectral bandwidth that is well matched to S-11 or S-20 photocathodes.
IV. Spatial Resolution
The proposed application for the TPB coating as a fluorescent wavelength converter on an image intensifier detector system requires that the fluorescent coating should not degrade the image that is focused onto the detector. The input surface of the image intensifier consists of a fibre optic faceplate with fibers of 16-jim diam. Comparison measurements of spatial resolution with and without the fluorescent coating indicate that the resolution is limited to 20 lp/mm by the intensifier fiber optics and not by the TPB coating.
Direct measurements of spatial resolution were made by illuminating TPB coatings with 2537-A radiation shadowed by an adjacent resolution test pattern on a silica substrate. A similar measurement at 4358 A without a fluorescent coating provided an estimate of the measuring system resolution for correction of the coating resolution values. Figure 3 shows the measured square wave modulation transfer function for TPB coatings of various thickness, after correction for the resolution of the measuring system. The MTF curves indicate that a TPB coating of -1 mg cm-2 will not significantly degrade the resolution of a 16-,"m fiber optic faceplate at 10 lp/mm.
V. Summary
The measurements presented in this paper demonstrate that an evaporated coating of TPB with a 
